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Abstract: Scalar coupling is an important parameter in nuclear magnetic resonance (NMR). The proton-proton coupling 
constant JH-H provides valuable information on molecular structure. However, determining JH-H value in complex coupling 
networks is still challenging. Here, we propose a method called simultaneous multi-slice selective constant-time J-resolved 
spectroscopy (SMS-SECTJRES) to measure JH-H values of all coupling networks of a molecule simultaneously in one 
experiment. In this method, gradient-encoded selective refocusing is used during a fixed evolution time, combined with echo 
planar spectroscopic imaging (EPSI) detection module to extract different selective J-edited spectra in different spatial 
positions. This new method is conducive to reveal coupling networks and the analysis of molecular structures. 
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摘  要：标量偶合是核磁共振（NMR）波谱的一个重要参数．其中氢-氢偶合能提供关于分子结构的有用信息．但是，
在复杂的偶合网络中解析出氢-氢偶合常数（JH-H）较为困难．本文提出了一种基于空间编码选择性恒时演化的测量 JH-H
的方法，利用一次实验就能解析分子中所有氢核的偶合网络，并测量 JH-H．该方法被称为同时多层选择性恒时 J 分解
谱（SMS-SECTJRES）．它结合空间编码梯度和选择性恒时演化，并利用平面回波谱成像（EPSI）采样模块，从不同
的空间位置提取出对应不同氢核偶合网络的 J分解谱，促进了 NMR技术在分子结构解析中的进一步应用． 
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Introduction 
Nuclear magnetic resonance (NMR) spectroscopy has been a powerful tool in numerous research 
fields
[1-5]
. As an important parameter in NMR spectroscopy, scalar coupling and plays an important role in 
molecular structure elucidation by providing useful information about molecular structure. However, the 
measurement of the coupling constant (J) often is not an easy task because of complex peak splitting and 
signal overlap in a NMR spectrum. 
Recently, many novel methods
[6]
 have been proposed to study scalar coupling networks and measure J 
coupling constants. Selective refocusing (SERF) experiment opened the door of measuring specific 
proton-proton interactions from spectra
[7]
. However, using this method, only the coupling constant between 
two selected protons can be measured at one time, which results in long experiment time to measure all J 
coupling constants. Subsequently, the gradient-encoded homonuclear selective refocusing spectroscopy 
(G-SERF) method
[8]
 was proposed to resolve a coupling network of a specific proton in one experiment and 
to measure the coupling constants in this network. The G-SERF method relies on selective pulses, and thus 
great limitations exist in those samples with crowded peaks. The pure shift yielded by chirp excitation to 
deliver individual couplings (PSYCHEDELIC)
[9]
 was proposed to provide a general method for obtaining J 
coupling constants even in crowded NMR spectra. The selective constant-time (SECT) method is a selective 
constant time method for resolving a coupled network of a selected proton at one time and measuring the J 
coupling constants
[10]
. Because of the removal of slice selection, a higher signal-to-noise ratio (SNR) can be 
obtained by optimizing the constant time (). However, the signal of the SECT method is modulated by 
relaxation decay during . The method of simultaneous multi-slice selective J-resolved spectroscopy 
(SMS-SEJRES) aims at simultaneously measuring J values of all coupling networks in a molecule within 
one experiment
[11]
. However the SNR of spectra obtained using the SMS-SEJRES method is limited by 
Zangger-Sterk (ZS) and pure shift yielded by chirp excitation (PSYCHE) modules
[12,13]
. Here, we propose a 
method of simultaneous multi-slice selective constant-time J-resolved spectroscopy (SMS-SECTJRES) for 
analyzing the coupling network of all protons in a molecule in one experiment and measuring the J coupling 
constants with higher sensitivity. 
1  Experimental 
1.1  SMS-SECTJRES pulse sequence 
The proposed sequence of SMS-SECTJRES is shown in Fig. 1. The first hard 90˚ pulse excites all 
magnetization vectors from the z direction to the xy plane. After the 90˚ hard pulse, a fixed constant time () 
is set before sampling. A selective 180˚ soft pulse applied simultaneously with the weak spatial frequency 
encoding gradient along the z direction moves between the 90˚ hard pulse and the sampling period as the 
indirect dimensional evolution time (t1) increases. With the action of the spatial frequency encoding gradient, 
the selective 180˚ soft pulse flips different protons at different spatial positions. The spatial frequency 
encoding gradient produces a frequency range that is slightly larger than the spectral width of the 
one-dimensional spectrum of the sample, so that the selective 180˚ pulse can act on all of the protons in the 
sample and eliminate the edge effects. In a certain layer, the selective 180˚ soft pulse flips the spin A, then in 
this layer, chemical shifts and scalar couplings of other spins evolve for a fixed constant time , except that 
those scalar coupling involving spin A evolve for t1. For the entire sample, it means performing SECT 
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experiments on different spins in different layers. The echo planar spectroscopic imaging (EPSI) sampling 
module is used to simultaneously obtain both chemical shift and spatial position information, and thus 
separates signals from different layers. The gradient Gp is used to compensate for the dispersion caused by 
the spatially encoded gradient Ge and to adjust the center of the echo to the middle of the sampling window. 
In a certain layer, couplings involving the spin which is inverted by the 180˚ soft pulse can be obtained, and 
these couplings are present as splitting peaks in the indirect dimension. Thus J coupling constants can be 
measured from these splitting peaks. In the SMS-SECTJRES method, the constant time () should be 
optimized to satisfy the signal-to-noise ratio and resolution requirements. The maximal evolution time (t1) of 
the SMS-SECTJRES method is 2, so the digital resolution 1( )v  of the F1 dimension is 
1
1max
1
1/(2 )v
t
  . 
 
Fig. 1  The pulse sequence of SMS-SECTJRES. The filled rectangle and gauss-shape pulse represent 90˚ hard pulse and 180˚ selective pulse, 
respectively. The gradient Gp is used to compensate for the dispersion caused by the spatially encoded gradient Ge and to adjust the center of the 
echo to in the middle of the sampling window. Sampling gradients Gas are used to spatial frequency coding 
 
1.2  NMR experiments 
All experiments were performed on a Varian 500 MHz spectrometer using a detection probe with a 
z-direction gradient at 298 K. The duration and power of 90˚ RF pulse were 9.8 μs and 58 dB respectively. 
All experimental samples were purchased from Aladdin whose website is https://www.aladdin-e.com/. 
The first sample was 1 mol/L n-butyl bromide dissolved in CDCl3. The constant time () was 0.4 s, the 
indirect dimension spectral width (SW1) was 50 Hz, and the indirect dimension sampling number was 40. 
The selective 180˚ pulse was set to 11.8 ms (corresponding to an excitation bandwidth of approximately 132 
Hz) and its excitation center frequency was set to the center frequency of the one-dimensional spectrum of 
the sample. The spatially encoded gradient Ge was 0.3410
4
 T/cm, allowing the action of a selective pulse 
to cover all peaks of the sample. Gp was 1.7510
3
 T/cm with the duration of 500 μs. The sampling time (Ta) 
was 250 μs and Ga was 37.810
4
 T/cm. The number of transients (Nt) was 8, and the total experimental time 
was 42 min. 
The second sample used was 1 mol/L propylene carbonate dissolved in CDCl3. The constant time () 
was 0.32 s, the spectral width (SW1) in indirect dimension was 50 Hz, and the numbers of t1 increments was 
32. The duration of selective 180˚ pulse was 15.2 ms (corresponding to an excitation bandwidth of 
approximately 103 Hz) and its excitation center frequency was set to the center frequency of the 
one-dimensional spectrum of the sample. The spatially encoded gradient Ge was 0.3810
4 
T/cm, allowing 
the action of a selective pulse to cover all peaks of the sample. Gp was 30.010
4
 T/cm with duration of 500 
μs. The sampling time Ta was 250 μs and Ga was 37.810
4 
T/cm. The number of transients (Nt) was 8, and 
the total experimental time was 32 min. 
90˚
RF
GZ
Ge
Gp
Ga
Ga
N
TaTa
t1/2  t1/2
EPSI
180˚sel
第 4 期                                                                              459 
CHEN Jin-yong et al: Simultaneous Multi-Slice Selective Constant-Time J-Resolved 
Spectroscopy for Measuring J Values 
The third sample used was 0.1 mol/L L-menthol dissolved in CDCl3. The constant time () was 0.4 s, 
the spectral width in the indirect dimension (SW1) was 50 Hz, and the numbers of t1 increments was 40. The 
duration of selective 180˚ pulse was 22 ms (corresponding to an excitation bandwidth of approximately 70.9 
Hz) and its excitation center frequency was set to H 1.8 in the one-dimensional spectrum of the sample. The 
spatially encoded gradient (Ge) was 0.1110
4
 T/cm, allowing the selective pulse to cover all peaks of the 
sample. Gp was 9.410
4
 T/cm with duration of 500 μs. The sampling time (Ta) was 250 μs and Ga was 
37.810
4
 T/cm. The number of transients (Nt) was 32, and the total experimental time was 137 min. 
The data collected under positive gradients Ga were rearranged into a two-dimensional matrix, and thus 
a three-dimensional data was obtained considering the t1 dimension. After zero-filling and a weighting 
function of t1, a three-dimensional Fourier transform was performed to obtain a three-dimensional spectrum, 
and the three dimensions correspond to J coupling, chemical shift, and spatial position, respectively. 
Different two-dimensional spectra can be obtained by extracting from the three-dimensional spectrum 
according to the spatial dimension. The selective J spectrum of the coupling network of all spins can be 
found from these two-dimension spectra. And for different spins, their order in spatial dimension is 
consistent with that in chemical shift dimension. In this way, the J spectra of the coupled networks of all the 
spins were obtained to measure all the J coupling constants at one time. 
2  Results and discussion 
Fig. 2 shows the experimental results of n-butyl bromide dissolved in CDCl3 using SMS-SECTJRES 
method. Four selective J-resolved spectra [Fig. 2(b)~(e)] can be extracted from different spatial layers, 
corresponding to coupled networks of four different spins. Fig. 2(b) is extracted from the layer in which the 
spin H1 is flipped by the selective 180°pulse. A triplet appears at the position of chemical shift of the spin 
H2, meaning that there is a coupling relationship between the spins H-1 and H-2, and the scalar coupling 
constant is 6.9 Hz. Because spin H-1 has two hydrogen nuclei in the same chemical environment, spin H-2 
splits into triplets due to scalar coupling with H-1. Similarly, Fig. 2(c) shows the coupling relationships 
between H-2 and H-1, H-3. Fig. 2(d) shows the coupling relationship between H-3 and H-2, H-4. Fig. 2(e) 
shows the coupling relationship between H-4 and H-3. The coupling network of the sample can be resolved 
in one experiment and all JH-H values can be measured. 
Fig. 3 shows the experimental results of propylene carbonate dissolved in CDCl3 using 
SMS-SECTJRES method. Fig. 3 (a) shows the planar structure of the propylene carbonate molecule and its 
conventional one-dimensional 
1
H NMR spectrum. And Fig. 3(b)~(e) present two-dimensional spectra of the 
coupling networks corresponding to the protons of H-2, H-3a, H-3b, H-1, respectively, where scalar 
coupling constants can be accurately measured. Since each of H-2, H-3a, H-3b, and H-1 contains only one 
hydrogen nucleus, and all peaks split into doublets. 
Fig. 4 shows the experimental results of L-menthol dissolved in CDCl3 using SMS-SECTJRES method. 
Fig. 4 (a) shows the conventional one-dimensional 
1
H NMR spectrum of L-menthol, and the peaks attracting 
us are circled with dashed line. The peaks of H-3a and H-2a are so close that cannot be separated. Fig. 
4(b)~(e) present two-dimensional spectra of the coupling networks corresponding to the protons of H-7, 
H-5a, H-3a&H-2a, H-4, respectively, where scalar coupling constants can be accurately measured. Since 
each of the measured peaks only has one hydrogen nucleus, all peaks coupled with the measured proton split 
into doublets. 
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Fig. 2  The result of n-butyl bromide dissolved in CDCl3 using SMS-SECTJRES method. (a) Conventional one-dimensional 
1
H NMR 
spectrum; (b)~(e) Two-dimensional spectra of the coupling networks of protons H-1, H-2, H-3, H-4, respectively, and the J coupling 
constants are marked 
 
 
 
 
Fig. 3  The result of propylene carbonate dissolved in CDCl3 using SMS-SECTJRES method. (a) Conventional one-dimensional 
1
H NMR 
spectrum; (b)~(e) Two-dimensional spectra of the coupling networks of protons H-2, H-3a, H-3b, H-1, respectively, and the corresponding 
J coupling constants are marked 
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Fig. 4  The result of L-menthol dissolved in CDCl3 using SMS-SECTJRES method. (a) Conventional one-dimensional 
1
H NMR spectrum, 
the peaks attracting us are circled with dashed line; (b)~(e) Two-dimensional spectra of the coupling networks of protons H-7, H-5a, 
H-3a&H-2a, H-4, respectively with J coupling constants indicated. Peaks marked with * and ^ in (b)~(e) denote peaks of TMS and solvent 
due to aliasing 
 
In SMS-SECTJRES experiment, it should be noted that the bandwidth of selective pulse needs to be 
smaller than the smallest chemical shift difference of the sample, that is, the excitation bandwidth should be 
smaller than the smallest chemical shift difference in conventional proton spectrum. In this way, selective 
180˚ pulse separately excites different signals at different layers. Furthermore, contradiction exists between 
the resolution of the spatial dimension (F3 dimension) and the spectral width of the chemical dimension (F2 
dimension). In theory, the spatial resolution is L = 1/( ·Ta·Ga), which should be able to distinguish different 
layers. While the spectral width of the F2 dimension is SW2 = 1/(2Ta). From their expressions we can see that 
increasing Ta can improve the spatial resolution of the F3 dimension, but will reduce the spectral width SW2 
of the F2 dimension. For samples with wide chemical shift ranges, aliasing can be introduced deliberately in 
the F2 dimension to alleviate this problem, but this will also increase spectral complexity. 
The signal attenuation in the SMS-SECTJRES experiment mainly comes from spatially selective 
inversion, relaxation in the constant time, and J coupling modulation. The signal attenuation introduced by 
the spatially selective inversion module is related to the selected layer thickness [(BW / ( ·Ge), where BW is 
the excitation bandwidth of the selective pulse,  is the gyromagnetic ratio of hydrogen, and Ge is the 
magnitude of the spatial encoding gradient)]. For samples with the crowded peaks, the bandwidth of the 
selective 180˚ pulse needs to be narrow enough to separately invert different signals, which aggravates signal 
attenuation. The chemical shift range of the sample determines the amplitude of spatially encoded gradient 
Ge, which also affects the spectral signal-to-noise ratio. The relaxation attenuation in constant time is 
*
2/e
T
, 
therefore, this attenuation is larger for those samples with shorter T2, but for samples with longer T2, the 
relaxation attenuation is acceptable. In the constant time (), the J coupling produces a modulation on the 
phase and intensity of the signal, and the J coupling modulations are different for different protons. 
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Therefore, the intensity ratio of the peaks has changed and the obtained spectrum can only be displayed with 
the absolute-value mode. In the SMS-SECTJRES experiment, only the data under the positive gradients of 
the EPSI sampling module are used. The spectral signal-to-noise ratio can be increased by a factor of 2  if 
combining the data acquired under both the positive and negative EPSI gradients. 
3  Conclusion 
In summary, the SMS-SECTJRES pulse sequence is proposed based on selective constant-time 
evolution, spatial encoding and EPSI sampling module to reveal the coupled networks of all protons in a 
molecule and to measure all J coupling constants. It allows extracting different selective J-edited spectra in 
different spatial positions from the result obtained by SMS-SECTJRES. It facilitates molecular structure 
analysis and promotes NMR application in chemistry. 
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